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ABSTRACT: The direct preparation of amphiphilic graft copolymers from commercial poly(vinylidene
fluoride) (PVDF) using atom transfer radical polymerization (ATRP) is demonstrated. Here, direct
initiation of the secondary fluorinated site of PVDF facilitates grafting of the hydrophilic comonomer.
Amphiphilic comb copolymer derivatives of PVDF having poly(methacrylic acid) side chains (PVDF-g-
PMAA) and poly(oxyethylene methacrylate) side chains (PVDF-g-POEM) are prepared using this method.
Surface segregation of PVDF-g-POEM additives in PVDF is examined as a route to wettable, foul-resistant
surfaces on PVDF filtration membranes. Because of surface segregation during the standard immersion
precipitation process for membrane fabrication, a PVDF/5 wt % PVDF-g-POEM membrane, having a
bulk POEM concentration of 3.4 wt %, exhibits a near-surface POEM concentration of 42 wt % as measured
by X-ray photoelectron spectroscopy (XPS). This membrane displays substantial resistance to BSA fouling
compared with pure PVDF and wets spontaneously when placed in contact with water.

Introduction

Graft copolymers derived from commercial polymers
offer an effective approach for incorporating specific
properties into a material while retaining desirable
properties of the parent polymer.1,2 Compared to the
parent polymer, graft copolymers often exhibit improve-
ments such as enhanced compatibility with other poly-
mers, adhesion to metallic and inorganic substrates, and
dye retention.3 In particular, the grafting of hydrophilic
species onto hydrophobic polymers is of great utility.
Amphiphilic graft copolymers so prepared often display
enhanced surface properties, such as improved resis-
tance to the adsorption of oils and proteins, biocompat-
ibility, and reduced static charge buildup.

The synthesis of graft copolymers based on com-
mercial polymers is most commonly accomplished free-
radically. Free-radicals are produced on the parent
polymer chains by exposure to ionizing radiation, and/
or a free-radical initiator.3,4 Alternatively, peroxide
groups are introduced on the parent polymer by ozone
treatment.5-9 The resulting reactive sites serve as
initiation sites for the free-radical polymerization of the
comonomer. A significant disadvantage of these free-
radical techniques is that homopolymerization of the
comonomer always occurs to some extent, resulting in
a product which is a mixture of graft copolymer and
homopolymer. Moreover, backbone degradation and gel
formation can occur as a result of uncontrolled free-
radical production, often limiting the attainable grafting
density.10

Because of its commercial importance, methods to
prepare graft copolymers from PVDF have received
some attention.5,9,11,12 For example, using ozone-pre-
treated PVDF, Liu et al.9 prepared amphiphilic graft
copolymers incorporating poly(oxyethylene methacry-
late), a hydrophilic macromonomer. Under the grafting
conditions used in that study, a limiting grafting density

of ∼23 wt % comonomer was obtained. Preliminary
experiments were performed on membranes prepared
from these copolymers to assess their use as electrolytic
membranes for lithium-ion batteries.

Atom transfer radical polymerization (ATRP) has
recently been used to prepare graft copolymers from
polymeric macroinitiators, polymer chains with regu-
larly spaced, pendant chemical groups containing radi-
cally transferable halogen atoms.10,13,14 The halogen
atoms serve as initiation sites for the polymerization of
side chains by ATRP. Thus, Matyjaszewski et al.13

polymerized 2-(2-bromopropionyloxy)ethyl acrylate free-
radically to obtain a macroinitiator with a pendant
bromine atom on every repeat unit. The pendant
bromine atoms were then used as initiation points for
the ATRP of styrene and butyl acrylate side chains.
Similarly, styrene and various methyl (meth)acrylate
side chains have been grafted onto a poly[(vinyl chloride)-
co-(vinyl chloroacetate)] macroinitiator, using the chlo-
roacetate groups as initiation sites for ATRP of the
monomers.14 In these studies, no evidence of homopo-
lymerization was observed, and the achievable grafting
density was high due to the controlled nature of ATRP.
A number of high-volume commercial polymers, includ-
ing PVC, PVDF, and chlorinated polyolefins, comprise
repeat units with secondary halogen atoms pendant. In
principle, these polymers might be utilized as ATRP
macroinitiators for the preparation of functionalized
derivatives. However, it has been reported14 that the
secondary chlorine atoms of PVC are too strongly
bonded to serve as ATRP initiation sites.

ATRP has also been used by a number of groups to
polymerize hydrophilic monomers, including poly(oxy-
ethylene) methacrylate macromonomers.15-17 This pa-
per demonstrates the direct preparation of amphiphilic
graft copolymers having PVDF backbones by ATRP of
hydrophilic side chains initiated at the secondary
halogenated sites of PVDF. ATRP of a polyoxyethylene
methacrylate (POEM) macromonomer incorporating
roughly nine ethylene oxide (EO) units is used to
prepare an amphiphilic graft copolymer, PVDF-g-

* To whom correspondence should be addressed.
† Current address: 3M Center, Building 208-01-01, St. Paul,

MN 55144-1000.

7652 Macromolecules 2002, 35, 7652-7661

10.1021/ma0122270 CCC: $22.00 © 2002 American Chemical Society
Published on Web 08/24/2002



POEM. The grafting of tert-butyl methacrylate onto
PVDF by ATRP is also used to prepare a polymer
precursor which is subsequently hydrolyzed to obtain
an amphiphilic, PVDF-based copolymer having poly-
(methacrylic acid) side chains, PVDF-g-PMAA.

These amphiphilic fluoropolymers have potential util-
ity in the preparation of PVDF filtration membranes
with engineered surface properties. Our previous
studies18-21 have shown that hydrophilic, protein-
resistant surfaces can be generated on PVDF immersion
precipitation membranes by adding to the casting
solution small quantities (e10%) of comb additive
polymers, P(MMA-r-POEM), having poly(methyl meth-
acrylate) (PMMA) backbones and PEO side chains.
Surface segregation of the amphiphilic comb polymer
during aqueous coagulation of the casting solution
provides a protein-resistant, PEO-rich surface layer
with no post-coagulation processing steps. Herein, we
show that surface segregation of PVDF-g-POEM in
PVDF membranes can be similarly accomplished during
the standard immersion precipitation process, resulting
in enhanced resistance to biofouling. Moreover, mem-
branes containing as little as 5 wt % PVDF-g-POEM
are spontaneously wettable by water. In a separate
publication,22 it is shown that PVDF membranes having
pH-responsive separation characteristics can be pre-
pared in a single step by the surface segregation of as
little as 10% PVDF-g-PMAA to provide a brushlike layer
of PMAA chains at the membrane surface.

Experimental Section

Materials. PVDF250K (Mh n ca. 107 000 g/mol; Mh w ca. 250 000
g/mol); PVDF534K (Mh w ca. 534 000 g/mol); tert-butyl methacry-
late (tBMA); poly(ethylene glycol) methyl ether methacrylate,
referred to herein as poly(oxyethylene methacrylate) (POEM,
Mh n ) 475 g/mol); poly(methyl methacrylate) standard (PMMA);
copper(I) chloride (CuCl); 4,4′-dimethyl-2,2′-dipyridyl (DMDP);
p-toluenesulfonic acid monohydrate (TSA); 1-methyl-2-pyrro-
lidinone (NMP, reagent grade); and toluene (anhydrous) were
purchased from Aldrich Chemical Co. (Milwaukee, WI). Hex-
ane, petroleum ether, ethanol, methanol, N,N-dimethylaceta-
mide (DMAc), N,N-dimethylformamide (DMF), tetrahydrofu-
ran (THF), hydrochloric acid, deuterated DMF, and lithium
nitrate were purchased from VWR. Glycerol was purchased
from Mallinckrodt. Bovine serum albumin (BSA) and phosphate-
buffered saline were purchased from Sigma. All solvents were
reagent grade, and all reagents were used as received. Deion-
ized water (dW) was prepared using a Millipore (Bedford, MA)
Milli-Q filtration system and had a resistivity of 18 MΩ cm.

Synthesis of Graft Copolymers. PVDF-g-POEM.
PVDF250K (5 g) was dissolved in NMP (40 mL) in a conical flask
at 50 °C. The solution was cooled to room temperature, after
which POEM (50 mL), CuCl (0.04 g), and DMDP (0.23 g) were
added and the flask was sealed with a rubber septum. Argon
gas was bubbled through the reaction mixture for 15 min while
stirring. The reaction vessel was then placed into an oil bath
preheated to 90 °C, and the reaction was allowed to proceed
for 19 h. The graft copolymer was precipitated into a mixture
of 1 part methanol, 1-2 parts petroleum ether, and a small
amount of HCl and recovered by filtration. The polymer was
purified by thrice redissolving in NMP and reprecipitating in
methanol/petroleum ether. Finally, the polymer was dried
under vacuum overnight at room temperature; a conversion
of 20% was obtained.

PVDF-g-PMAA. The preparation of PVDF-g-PMAA was a
two-step synthesis. In the first step, poly(tert-butyl methacry-
late) (PtBMA) side chains were graft copolymerized onto PVDF
using ATRP. In the second step, the PtBMA side chains were
hydrolyzed to yield PMAA. It is well-known23-26 that PtBMA
can be selectively and quantitatively hydrolyzed to PMAA in
the presence of TSA.

PVDF250K (5 g), tBMA (50 mL), CuCl (0.04 g), and DMDP
(0.23 g) were co-dissolved in NMP (40 mL) in a conical flask,
as described above. The reaction vessel was similarly purged
with argon gas, after which the reaction was performed at 90
°C for 20 h. The graft copolymer PVDF-g-PtBMA was precipi-
tated into a 1:1 water:ethanol mixture, then purified by thrice
redissolving in NMP and reprecipitating in 1:1 water:ethanol.
The product was recovered by filtration and dried in a vacuum
oven overnight at room temperature; a conversion of 42% was
achieved.

Hydrolysis of PVDF-g-PtBMA (5.52 g) was performed in
anhydrous toluene (300 mL). Pieces ∼2 mm in size were
immersed in toluene, causing the polymer to swell visibly but
not dissolve. TSA (31 g) was added to the reaction vessel, after
which the reactor was immediately sealed with a rubber
septum and the TSA was dissolved by vigorous stirring. Argon
gas was bubbled through the reaction mixture for 15 min, after
which the reactor was placed in an oil bath preheated to 85
°C. After 7 h, the heterogeneous reaction mixture was poured
into excess methanol (a good solvent for TSA). The graft
polymer PVDF-g-PMAA was recovered by filtration, redis-
solved in DMF, precipitated in a mixture containing 4 parts
hexane and 1 part ethanol, and again recovered by filtration.
For further purification, the polymer was stirred overnight in
a large volume of THF (in which it swelled but did not
dissolve), washed again in hexane/ethanol, and dried in a
vacuum oven overnight at room temperature.

Characterization of Graft Copolymers. Gel permeation
chromatography (GPC) of PVDF250K, PVDF-g-POEM, and
PVDF-g-PMAA was conducted at 30 °C in DMF containing
1% lithium nitrate at a flow rate of 1 mL/min, using a Waters
510 HPLC pump, Waters Styragel columns, and a Waters 410
differential refractometer (Millipore Corp., Bedford, MA). 1H
NMR was performed on PVDF250K and its graft copolymers in
deuterated DMF, using a Bruker DPX 400 spectrometer.
Elemental analysis of PVDF250K and PVDF-g-POEM was
performed by Quantitative Technologies Inc. (Whitehouse, NJ).
Differential scanning calorimetry (DSC) was performed on
PVDF250K and its derivatives using a Perkin-Elmer (Norwalk,
CT) Pyris 1 calorimeter. To achieve a near-equilibrium struc-
ture prior to DSC analysis, the samples were preconditioned
in the calorimeter by holding at 210 °C for 15 min, cooling to
130 °C at 10 °C/min, holding at 130 °C for 15 min, and cooling
to 50 °C at 10 °C/min. DSC thermograms were then obtained
while heating from 50 to 230 °C at 10 °C/min.

The morphology of PVDF-g-PMAA in the neat state was
characterized using transmission electron microscopy (TEM).
Thin film specimens for TEM were prepared via solvent
casting at room temperature. A ∼1 µL droplet of 0.01 wt %
PVDF-g-PMAA solution in DMF was first placed on a 400-
mesh copper TEM grid (Ted Pella, Inc.) and then dried for
several days inside an isolated DMF atmosphere, then for a
few hours under air, and finally for an hour under vacuum.
This procedure resulted in the formation of a copolymer film
approximately 50-100 nm thick, freely extended across the
metal grid. TEM measurements were performed in the bright
field mode on a JEOL 100CX microscope operated at 200 kV.
Images were obtained for the unstained sample at a slight
underfocus through the mechanism known as phase contrast.27

TEM was performed on PVDF-g-POEM using a JEOL
200CX microscope operated in the bright field mode at an
accelerating voltage of 100 kV. Prior to TEM characterization,
a bulk polymer sample was equilibrated in a vacuum oven at
200 °C for 12 h. It was then cryomicrotomed into 50 nm thick
sections at -55 °C using a RMC (Tucson, AZ) MT-XL ultra-
microtome. The sections were mounted on copper grids and
stained with ruthenium tetroxide for 20 min at room temper-
ature.

Sample Preparation. Evaporation Cast Films. PVDF-
g-POEM films for X-ray photoelectron spectroscopy (XPS)
studies were prepared on glass coverslips by evaporation
casting. The graft copolymer was dissolved in DMAc at a
concentration of 0.05 g/mL. The resulting solution was then
cast onto the glass substrates, and the DMAc was allowed to
evaporate slowly at room temperature over a period of ∼48 h.

Macromolecules, Vol. 35, No. 20, 2002 ATRP of Amphiphilic Graft Copolymers 7653



Finally, the polymer films were held under vacuum at room
temperature for 96 h to remove residual solvent. Because of
the low volatility of DMAc and the consequently long evapora-
tion times, surface compositions of the resulting films were
expected to be near equilibrium.

Membranes. Membranes were prepared from casting solu-
tions containing PVDF534K, PVDF-g-POEM, glycerol, and
DMAc according to the compositions listed in Table 1. Each
casting solution was passed through a 10 µm, binder-free, glass
fiber filter (Type APFD Prefilter, Millipore) by means of a
stainless steel filter holder (Millipore) pressurized with nitro-
gen gas, then heated to 50-70 °C for at least 4 h until no gas
bubbles were visible in the solution. Each solution was cast
onto a first surface optical mirror (Edmund Scientific Co.,
Barrington, NJ) under a casting bar having an 8-mil (∼200-
µm) gate size. The mirror was then immersed immediately into
a bath of dW at 90 °C. (The elevated coagulation bath
temperature enhances surface segregation of the comb addi-
tive, as shown previously.18,20,21) After coagulation, each mem-
brane was removed from the bath after complete separation
from the mirror and immersed overnight in a second dW bath
at 20 °C, followed by air-drying.

Sample Characterization. X-ray Photoelectron Spec-
troscopy. XPS was performed on membranes and films to
determine their near-surface compositions. XPS was conducted
on a Surface Science Instruments SSX-100 spectrometer
(Mountain View, CA) using monochromatic Al KR X-rays (hν
) 1486.7 eV) with an electron takeoff angle of 45° relative to
the sample plane. Survey spectra were run in the binding
energy range 0-1000 eV, followed by high-resolution spectra
of the C 1s region. Peak fitting of the C 1s region was
conducted with a linearly subtracted background and with
each component of the C 1s envelope described by a Gaussian-
Lorentzian sum function, as detailed in previous publica-
tions.18,21

Scanning Electron Microscopy. Field emission scanning
electron microscopy (FESEM) was used for the characteriza-
tion of membrane separation surface and cross-sectional
morphologies. Fracture surfaces for cross-sectional imaging
were prepared by cracking membranes under liquid nitrogen.
Samples were sputter-coated with ∼50 Å of gold-palladium
using a Pelco SC-7 auto sputter coater. Coated samples were
examined at an accelerating voltage of 1 kV using a JEOL 6320
FESEM.

Contact Angle Measurements. Water contact angle mea-
surements were performed on membranes using an Advanced
Surface Technologies, Inc., VCA2000 video contact angle
system. Each sample was raised toward a 1-µL droplet of dW
suspended from the tip of the syringe until the droplet was
transferred to the sample surface. Advancing contact angles
were then measured after adding dW to the droplet in 1-µL
increments until its edges were observed to advance over the
surface.

Static Protein Adsorption Measurements. To investi-
gate the protein adsorption resistance of membranes contain-
ing PVDF-g-POEM, membranes were immersed in a solution
containing bovine serum albumin. Membranes were first
hydrated by immersion in methanol followed by immersion
in dW. Membranes were subsequently washed with phosphate-
buffered saline (0.01 M PBS pH 7.4) for 1 h, then incubated
in PBS containing 10.0 g/L of BSA for 24 h at room temper-
ature, and washed for 5 min in three changes of PBS followed
by three changes of dW. Finally, samples were dried in a
vacuum oven at room temperature. Surface coverage of BSA
was quantified using XPS, by detection of nitrogen occurring
in BSA. Survey spectra were run in the binding energy range

0-1000 eV, and the near-surface atomic compositions were
determined using numerically integrated peak areas and
applying standard sensitivity coefficients.

Results and Discussion
Graft Copolymer Characterization. Composi-

tion. PVDF-g-POEM. The 1H NMR spectra for PVDF
and PVDF-g-POEM appear in Figure 1. The PVDF
spectrum exhibits two well-known peaks28 due to head-
to-tail (ht) and head-to-head (hh) bonding arrange-
ments. Grafting of POEM to PVDF resulted in the
appearance of peaks in the region 3.2-4.3 ppm due to
the O-CHx bonding environments in the methacrylate28

and PEO29 moieties of POEM. The solvent peaks s2 and
s3 were subtracted from the spectra using their known
intensities relative to solvent peak s1 obtained by
analysis of pure deuterated DMF. The mole fraction of
POEM in the copolymer was then calculated as 0.248
based on the intensities of resonances a(ht), a(hh), c,
d, and e. The composition so calculated is shown in
Table 2, converted to a mass basis.

PVDF-g-PMAA. 1H NMR spectra for PVDF, PVDF-
g-PtBMA, and PVDF-g-PMAA appear in Figure 2.
Grafting of tBMA to PVDF resulted in the appearance
of a peak at 1.5 ppm in part b due to the tert-butyl
protons.23-26,30 Despite the heterogeneous nature of the
hydrolysis reaction, hydrolysis of the PtBMA side chains
to PMAA was quantitative, as indicated by the complete
disappearance of the tert-butyl peak in part c. The
spectrum for PVDF-g-PMAA also contains a resonance
at 12.6 ppm due to the carboxylic acid proton.26

For spectra b and c, the solvent resonance s3 was
subtracted based on its known intensity relative to
solvent peak s1 established by NMR analysis of pure
deuterated DMF. The mole fraction of tBMA in PVDF-
g-PtBMA was then calculated from Figure 2b based on
the intensities of resonances a(ht), a(hh), and b.
Similarly, the mole fraction of MAA in PVDF-g-PMAA
was calculated from Figure 2c based on resonances
a(ht), a(hh), and e. The calculated mole fractions of
PtBMA and PMAA were 0.403 and 0.438, respectively.
The close agreement between the two values provides
strong evidence that the hydrolysis reaction was selec-
tive and quantitative, and that the MAA units of the
hydrolyzed copolymer were protonated. The composition
shown in Table 2 is based on an average of the
compositions calculated using Figure 2, parts b and c.

Molecular Weight. GPC traces for PVDF250K, PVDF-
g-POEM, and PVDF-g-PMAA are shown in Figure 3.
The PMMA standard molecular weight and polydisper-
sity of each polymer, obtained directly from the GPC
trace, appear in Table 2. The grafting of both POEM
and PMAA to PVDF resulted in distributions shifted
up significantly in molecular weight relative to the
PVDF homopolymer. The molecular weight distribution
(MWD) of PVDF-g-POEM (Figure 3b) was multimodal.

Table 1. Compositions of Membrane Casting Solutions

g/100 g of casting solution

I II III

PVDF 18.0 18.0 18.0
PVDF-g-POEM 0.95 2.0
glycerol 3.3 1.0 1.0
DMAc 78.7 80.1 79.0

Table 2. Properties of Base Polymer and Graft
Copolymers

GPC molar
mass (g/mol)a

polymer

composition
(wt %

comonomer) Mh n Mh w/Mh n

actual molar
mass (est,
g/mol)Mh n

PVDF250K 580 100 2.10 107 000b

PVDF-g-POEM 71 2 159 300 1.38 323 200c

PVDF-g-PMAA 51 2 709 100 1.11 211 300c

a From GPC, based on PMMA standards. b From the manufac-
turer. c Estimated based on composition from 1H NMR using eq
4.
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The GPC trace was virtually unchanged (Figure 3c)
after a 48-h extraction in a large volume of dW, a good
solvent for poly(POEM), indicating that its multimo-
dality was not due to homopolymerization of POEM.
Instead, this distribution was likely a result of radical-
radical coupling of chains during polymerization, which
has been observed previously in graft copolymerizations
by ATRP, and which can result in multimodal MWDs.13

The MWD for PVDF-g-PMAA (Figure 3d) was mono-
modal, providing no evidence of homopolymer contami-
nation or coupling reactions.

Because of the difference in chain flexibility between
PVDF and PMMA and differences between the hydro-
dynamic radii of linear and branched polymers of equal
molecular weight, the PMMA standard molecular weights

are not accurate estimates of the true molecular weights
of the graft copolymers. More accurate estimates of their
number-average molecular weights were obtained from
NMR using the relationship,

where Mh n,PVDF is the number-average molecular weight
of the parent PVDF obtained from the manufacturer, x
is the molar ratio of comonomer units to PVDF repeat
units in the copolymer as measured by NMR, and
Mo

PVDF and Mo
comonomer are the repeat unit molar masses

of PVDF and the comonomer, respectively. The graft

Figure 1. 400 MHz 1H NMR spectra for (a) PVDF250K and (b) PVDF-g-POEM. Resonances labeled sn are solvent peaks due to
deuterated DMF. One or both of the fluorine atoms on each repeat unit may act as an initiation site for monomer addition (b,
inset, chemical structure).

Mh n,graft ) Mh n,PVDF(1 + x
Mo

comonomer

Mo
PVDF ) (1)
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copolymer molecular weights so calculated appear in
Table 2.

The graft copolymer MWDs obtained from GPC ap-
pear narrow relative to that of the PVDF250K base
polymer. This is not expected, as the MWD of a graft
copolymer should not be appreciably lower than the base
polymer.13 The apparently narrow MWDs of the graft
copolymers are most likely a result of preferential
extraction of low molecular weight product during the
repeated precipitations and extractions used to purify
the products.

Crystallinity. DSC thermograms for PVDF250K,
PVDF-g-POEM, and PVDF-g-PMAA appear in Figure
4. For each polymer, the weight percent crystallinity,

with respect to the PVDF content of the polymer, was
computed as

where WPVDF is the weight fraction of PVDF in the
polymer from NMR, ∆Hm is the heat of melting observed
by DSC [J/g], and ∆Hf

/ is the heat of fusion of PVDF
(6700 J/mol31). Both PVDF-g-POEM and PVDF-g-PMAA
retained substantial crystalline content. However, the
two graft copolymers differed significantly in their
melting point depressions relative to the PVDF parent

Figure 2. 400 MHz 1H NMR spectra for (a) PVDF250K, (b) PVDF-g-PtBMA, and (c) PVDF-g-PMAA. Resonances sn are solvent
peaks due to deuterated DMF. Quantitative hydrolysis of PtBMA to PMAA is confirmed by the disappearance in part c of the
tert-butyl peak b and the appearance of the acid proton peak e.

Wc )
Mo

PVDF

WPVDF
‚
∆Hm

∆Hf
/

(2)
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polymer. While PVDF-g-POEM exhibited substantial
melting point depression, PVDF-g-PMAA exhibited only
slight melting point depression.

Morphology and Architecture. The side chain
length of graft copolymers prepared by direct ATRP onto
PVDF is unpredictable a priori. The abundance of
potential side chain initiation sites (two per PVDF
repeat unit) competes with the low reactivity of those
sites compared with that of the propagating side chain
ends, the terminal carbon atoms of which are adjacent
to radical-stabilizing carbonyl groups.14,32 The absence
of appreciable melting point depression in the DSC trace
of PVDF-g-PMAA suggests that PMAA grafting points
along the PVDF backbone were infrequent. In contrast,
the significant melting point depression observed for
PVDF-g-POEM suggests more frequent grafting points
along the PVDF backbone.

This is further supported by our TEM studies. A TEM
image of the microphase-segregated morphology formed
at room temperature in the solvent-cast PVDF-g-PMAA
film is shown in Figure 5. The morphology appears
highly defected and lacking in long-range order, similar
to morphologies observed in other recently synthesized
comb polymers having incompatible backbone/side chain
pairs.33-35 The expected difference in electron density
between the two chemistries facilitates image interpre-
tation, with PVDF domains appearing as darker regions
in the figure. The mean separation between the darker
regions is therefore taken as a characteristic measure

of the PMAA domain size, estimated to be approxi-
mately 200 Å. Assuming that this cross-sectional di-
mension is approximately equal to twice the end-to-end
distance of the PMAA arm in a random-walk configu-
ration,36,37 we estimate a molar mass of ∼24 000 g/mol
per side chain, or ∼270 MAA segments, using a char-
acteristic ratio of ∼7.5 for PMAA and a value for the
carbon-carbon bond length of 1.54 Å (both estimated
from published data for similar polymers38). The esti-
mate of 270 segments represents an upper limit, as
components of a block copolymer in the microphase-
separated state are typically stretched relative to their
random coil dimensions perpendicular to the block-block
interface. Using this estimate, the measured copolymer
composition and PVDF molecular weight, we calculate
the approximate number of arms per chain to be about
4. Indeed, Figure 3 implies an architecture in which long
PMAA side chains are grafted sparsely along the PVDF
backbone. Mass transport and force microscopy mea-
surements conducted on membranes having surfaces
rich in PVDF-g-PMAA, presented elsewhere,21,22 support
these structural measurements.

Figure 6 is a TEM micrograph of PVDF-g-POEM
stained with ruthenium tetroxide, which selectively
stains the ether oxygen moieties in PEO, and which has
been shown not to stain PVDF.39 The micrograph shows
an apparently microphase-segregated structure with
stained POEM domains appearing dark. The domain
size is roughly 20 Å, consistent with a “poly(POEM)”
side chain length of only 1 POEM unit. Elemental

Figure 3. GPC traces for (a) PVDF250K, (b, c) PVDF-g-POEM,
and (d) PVDF-g-PMAA. Trace b is PVDF-g-POEM following
purification as described in the text, while trace c, offset for
clarity, is PVDF-g-POEM after an additional 48-h extraction
in a large volume of water. The molecular weight scale was
calibrated using PMMA standards.

Figure 4. DSC thermograms upon heating for (a) PVDF250K,
Tm ) 172 °C, ∆Hm ) 50.6 J/g, 48% crystallinity; (b) PVDF-
g-POEM, Tm ) 158 °C, ∆Hm ) 10.6 J/g, 10% crystallinity
(31% with respect to PVDF); and (c) PVDF-g-PMAA, Tm ) 168
°C, ∆Hm ) 15.6 J/g, 15% crystallinity (29% with respect to
PVDF).

Figure 5. TEM micrograph of PVDF-g-PMAA. PVDF micro-
domains appear as darker regions in the image.

Figure 6. TEM micrograph of PVDF-g-POEM stained with
ruthenium tetroxide. The stained POEM microdomains appear
as darker regions in the image.
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analysis (Table 3) of PVDF-g-POEM indicated a POEM
content of 72.6 wt % (26.3 mol %) based on F content,
and assuming an average side chain length of one
POEM segment. This value is in good agreement with
the 1H NMR value of 71 wt % POEM. The combined
results from elemental analysis and TEM suggest the
grafting of 1 POEM unit for every 3 VDF repeat units.

Initiation of ATRP by Secondary Fluorine. The
combined GPC, TEM, NMR, and elemental analysis
results indicate unambiguously that POEM and PtBMA
are grafted to the PVDF base polymer, apparently by
ATRP initiation at the secondary fluorinated site. To
our knowledge, ATRP initiation by secondary fluorine
has not been previously reported. Moreover, such initia-
tion has not been observed in previous studies40-43

involving macroinitiators containing PVDF. In these
studies, various synthetic routes were used to produce
PVDF polymers or oligomers terminated with iodine,40

bromine,41 trichloromethyl groups,42 or benzyl chlo-
ride.43 ATRP was then used to initiate polymerization
of various (meth)acrylate and styrene monomers at the
macroinitiator end sites, yielding di- and triblock co-
polymers. Because of the expected high reactivity with
respect to ATRP radical generation of the iodinated,
brominated, and chlorinated end sites used in these
studies relative to secondary fluorine, it is not surprising
that polymerization appeared to initiate exclusively (or
nearly exclusively) at these more reactive sites. More-
over, the characterization techniques used in these
studies (GPC, 1H NMR, and DSC) would not be capable
of detecting low concentrations of fluorine-initiated side
chains. (Consider PVDF-g-PMAA synthesized herein,
the above TEM results for which indicate initiation at
only ∼0.1% of the available secondary fluorinated sites
per chain.)

Once growth of a side chain is initiated, halogen
exchange between fluorine and chlorine in the CuCl
catalyst is considered unlikely due to stronger C-F
binding energy44 (486 vs 339 kJ/mol for C-Cl). Fur-
thermore, the strong C-F bond delays the rate of radical
initiation compared to the rate of propagation, limiting
the “living” nature of the reaction. Probably owing to
the low initiation efficiency of secondary fluorine, the
graft copolymerizations by ATRP performed herein
yielded low monomer conversions (20% conversion after
19 h for PVDF-g-POEM and 42% conversion after 20 h
for PVDF-g-PtBMA). Despite these shortcomings, the
direct graft copolymerization of PVDF by ATRP is
potentially a very useful technique, enabling the eco-
nomical, single-step production of functionalized deriva-
tives having comonomer concentrations often difficult
to achieve by other grafting methods.

A hypothesis for the apparent kinetic difference
between the PVDF/POEM and PVDF/tBMA systems is
that, in the former system, steric hindrance of the
terminal halogenated carbon atom of the growing side
chain by the pendant PEO reduces the reactivity of that
site in propagation, relative to the corresponding site
in the PVDF/tBMA system. Moreover, in these studies
the mole ratio of initiator to monomer was lower in the

case of PVDF/tBMA, which would also be expected to
yield relatively longer side chains.

Further work is needed to elucidate ATRP initiation
by secondary fluorine, such as the ATRP of methacrylate
monomers using small-molecule initiators containing
secondary fluorine. Measurement of the initiation ef-
ficiencies of such model initiators and the MWDs of the
resulting homopolymers would provide needed clarity
regarding secondary fluorine-initiated ATRP.

The remainder of this paper considers the utility of
the graft copolymers produced herein as surface-modify-
ing additives for PVDF membranes prepared by immer-
sion precipitation.

Membranes Containing PVDF-g-POEM. Near-
Surface Composition. The near-surface compositions
of PVDF membranes containing 5-10 wt % PVDF-g-
POEM, as well as an evaporation cast sample of pure
PVDF-g-POEM, were determined by fitting the C 1s
regions of their XPS spectra as shown in Figure 7.18,21

For membranes, XPS analysis was conducted on the
side of the membrane facing the water bath during the
precipitation step of fabrication. In membrane separa-
tions, it is this side of the membrane that contacts the
feed solution.

Table 3. Elemental Analysis Results

anal., wt %

polymer C H F Cl

PVDF250K(calcd) 38.71 3.23 58.06
PVDF250K 37.37 ( 0.05 2.69 ( 0.13 57.85 ( 0.20
PVDF-g-POEM 49.94 ( 0.06 7.64 ( 0.10 16.04 ( 0.17 0.23 ( 0.01

Figure 7. Fitted C 1s envelopes for (a) a pure PVDF
membrane, (b) an evaporation cast film of PVDF-g-POEM, and
membranes containing (c) 5 wt % and (d) 10 wt % PVDF-g-
POEM. For parts b-d, the computed bulk and surface com-
positions are noted in terms of weight fraction of POEM. For
part b, the surface composition is an average from two samples.
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From the fitted C 1s spectra, the near-surface mole
fraction of POEM was calculated as

where ACOO and ACF2 are the areas of the fitted COO
and CF2 peaks, respectively. The near-surface POEM
concentrations (φw,s

POEM), converted to weight fraction,
are given in Figure 7, along with the bulk POEM weight
fractions (φw,b

POEM). Clearly, significant surface segrega-
tion of the amphiphilic graft copolymer in PVDF occurs
during the single-step fabrication of the membranes by
immersion precipitation, due to the relatively low
interfacial energy between the amphiphilic component
and water.18,21 Indeed, the membrane containing 10 wt
% PVDF-g-POEM has a near-surface POEM concentra-
tion roughly identical to that of the pure graft copoly-
mer.

The membrane surface chemistries achieved by sur-
face segregation of PVDF-g-POEM may be compared to
results obtained recently9 on membranes cast from a
pure graft copolymer which was structurally similar to
PVDF-g-POEM, prepared using a conventional free-
radical method following ozone pretreatment of PVDF.
The macromonomer used in that study differed only in
the length of its pendant PEO chain (∼five EO units,
rather than ∼nine units herein). Membranes prepared
by immersion precipitation of the conventionally pre-
pared graft copolymer had a near-surface comonomer
weight fraction of φw,s ) 0.50 for a bulk comonomer
weight fraction of φw,b ) 0.23, the limiting graft copoly-
mer composition achieved under the grafting conditions
used. Comparison of these values to those reported in
Table 4 shows that, herein, greater surface expressions
of POEM (>60 wt %) were achieved for blends contain-
ing much lower bulk concentrations of the comonomer
(<7 wt %). This comparatively high surface enrichment
is likely due to the higher POEM grafting density
obtained by ATRP and to the elevated temperature of
the coagulation bath.18,20,21

Morphology. FESEM micrographs of the separation
surfaces and cross sections of membranes cast under
identical conditions but having different bulk fractions
of PVDF-g-POEM are shown in Figure 8. Addition of
the graft copolymer results in substantial increases in
separation surface porosity at relatively constant pore
size, as well as more pronounced macrovoid formation

Table 4. Membrane Wetting Properties

membrane
type φw,b

POEM
φw,s

POEM
θadv, initiala

(deg)
wetting
timeb (s)

I 0 0 89.9 ( 4.1 nonwetting
II 0.034 0.42 60.4 ( 2.3 147 ( 83
III 0.067 0.64 53.5 ( 7.0 16 ( 10

a Initial advancing contact angle of a 1-µL dW droplet placed
on the membrane surface. b Time required for a 1-µL dW droplet
placed on the membrane surface to reach a contact angle of 0°.

Figure 8. FESEM images of the separation surfaces (left) and cross sections (right) of (a) a pure PVDF membrane and membranes
containing (b) 5 wt % and (c) 10 wt % PVDF-g-POEM. Arrows indicate the separation surface in cross-sectional images.

Xs
POEM )

ACOO

ACOO + ACF2

(3)

Macromolecules, Vol. 35, No. 20, 2002 ATRP of Amphiphilic Graft Copolymers 7659



in the membrane substructure. Similar morphological
changes are observed with the addition to PVDF mem-
branes of PVDF-g-PMAA,22 as well as methacrylic comb
polymers having PEO side chains.18,20,21 This enhance-
ment of membrane porosity is highly advantageous in
filtration applications, as it provides for substantially
higher fluxes.20,21

Wettability. A droplet of water placed on a pure
PVDF membrane assumes a high contact angle, which
changes very little over time until the drop finally
evaporates. For this reason, the hydration of PVDF
membranes from the dry state generally requires prewet-
ting, typically with a surfactant or an alcohol. In
contrast, a water droplet placed on a membrane con-
taining 5-10 wt % PVDF-g-POEM assumes a moderate
initial contact angle (>50°) which decreases to zero over
time, and the droplet ultimately wets through the
membrane (see Figure 9). In this study, wettability was
assessed based on the initial advancing contact angle
of a 1 µL water droplet placed on the membrane surface,
as well as the time required for the contact angle of the
droplet to reach 0°. These values are reported in Table
4. The delayed wetting behavior of membranes modified
with PVDF-g-POEM indicates local surface reorganiza-
tion to express POEM upon contact with water.

Static Fouling Resistance. The presence of POEM
at the membrane surface results in significant resis-
tance to protein adsorption. The near-surface nitrogen
content of membranes exposed to a 10 g/L BSA solution
for 24 h were obtained by integration of the following
peaks in the XPS survey spectra: C 1s (285 eV), N 1s
(399 eV), O 1s (531 eV), and F 1s (685 eV). Like PVDF-
based membranes prepared from casting compositions
containing other amphiphilic comb polymers,18-21 mem-
branes modified by surface segregation of PVDF-g-
POEM show substantially enhanced resistance to BSA
adsorption compared to pure PVDF membranes. Mem-
branes with a bulk composition of 5 wt % PVDF-g-
POEM (3.4 wt % POEM) adsorb BSA at a level less than
25% that of PVDF-only membranes, while incorporation

of 10 wt % PVDF-g-POEM yields a ∼7-fold reduction
in BSA adsorption.

Conclusion

Graft copolymerization onto PVDF by ATRP initiation
of methacrylic side chains at the secondary halogenated
site has been demonstrated. This technique offers an
effective and commercially relevant alternative to con-
ventional free radical routes for the preparation of graft
copolymers based on PVDF, as the grafting of large
proportions (nearly 70 wt % in one demonstrated case)
of the comonomer may be accomplished without any
unusual care with respect to the purity of the reagents.

Using this method, PVDF-g-POEM has been synthe-
sized by graft copolymerization of a methacrylate mac-
romonomer having a short pendant PEO chain. The
hydrophilic surface modification of PVDF filtration
membranes using PVDF-g-POEM is highly effective,
due to the opportunity afforded by the standard immer-
sion precipitation process to effect surface segregation
of the graft copolymer additive during membrane fab-
rication. Thus, a PVDF/5 wt % PVDF-g-POEM mem-
brane, fabricated with no extra processing steps and
having a bulk POEM concentration of only 3.4 wt %,
exhibits a near-surface POEM concentration of 42 wt
% as measured by XPS. This membrane adsorbs roughly
four times less BSA than a pure PVDF membrane
during a 24 h static protein adsorption experiment, and
spontaneously wets when placed in contact with water.
On the basis of these results, PVDF-g-POEM prepared
using ATRP is an excellent candidate for the surface
modification of PVDF filtration membranes to render
them wettable and fouling-resistant.

A second amphiphilic graft copolymer, PVDF-g-poly-
(methacrylic acid), has been prepared using the direct
ATRP grafting of hydrolyzable poly(tert-butyl methacry-
late) side chains onto PVDF. The application of this
polymer for the facile preparation of pH-responsive
membranes is explored in a separate publication.22 In
that article, we show that incorporation of as little as

Figure 9. Images of 1-µL water droplets at various times on (a) a pure PVDF membrane and (b) a membrane having a bulk
composition of 10 wt % PVDF-g-POEM.
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10 wt % PVDF-g-PMAA into a PVDF blend enables the
single-step preparation of PVDF-based membranes hav-
ing pH-responsive separation characteristics similar to
membranes fabricated using process-intensive surface
graft polymerization techniques.
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